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ABSTRACT
Evaluation of a Vapor Pressure Osmometer for Determination
of Added Water in Milk
by
Kietipong Pensiripun, Master of Science
Utah State University, 1975
Major Professor: Dr. Gary H. Richardson
Department: Nutrition and Food Science

A Wescor Vapor Pressure Osmometer measured the osmolality of a
solution by sensing the vapor pressure above the solution in a closed chamber.
The instrument sensing element comprised a precision thermocouple which
measured the dew point temperature depression, a function of the water vapor
pressure in the chamber. It used approximately 5-7 microliter samples to
saturate a 0. 64 cm filter paper disc.

The instrument fixed a milliosmolal

digital reading and signaled test completion in 110 seconds.

The instrument

weighed approximately 3. 62 kilograms, was 26. 7 x 24. 1 x 10. 2 ems in size and
had a range of 0 to 1999 milliosmolal. The modular solid state osmometer contained no mechanical moving parts, required no refrigerated components, sample pipetting, sample tube, and no operator attention following sample insertion.
Cleaning the sample chamber pocket between tests with an acetone
impregnated tissue improved repeatability of the osmometer and reduced the
coefficient of variability from O. 76% to 0. 70% on a raw milk sample.

ix

Two hundred individual cow milk samples from 20 herds were run in
February, 1974, to establish a mean freezing point in Cache Valley herds for
that period. The mean and standard deviation was 280 .::_ 3. 0 millisomolal.
Results of milk samples containing 0 to 25% added water measured by the
osmometer were compared to those obtained from an Advanced thermistor
cryoscope.

The coefficient of correlation was 0. 991.

A collaborative study was conducted involving eight hospitals and
industry laboratories. When the results of two laboratories were discarded,
due to instrument maintenance problems, there were no significant differences
among the laboratories in their abilities to quantitate added water.

Proper

maintenance of the osmometer in order to keep the thermocouple clean and
frequent calibration checks are recommended.
(74 pages)

INTRODUCTION

For many years medical scientists and clinicians have placed great
importance on the measurement of serum and urine osmolality (47). Osmolality
is a measure of the total concentration of dissolved particles in a solution, without regard for the homogeneity or the nonhomogeneity of the molecular species,
the molecular weights, the particle sizes, or the density (92).

In some instances

quantitative osmolar data is diagnostic of certain diseased states (47).

To illus-

trate two possible applications, a dehydrated patient with normal or increased
serum and/or urine osmolality would be administered intravenous glucose, while
a patient with decreased osmolality would receive hypertonic saline (47).
Modern cryoscopes have been used by the dairy industry for detecting
water adulteration in milk samples. Thermistor cryoscopes have provided the
most practical approach to measuring the amount of water contained in milk
samples (6, 9).
water is present.

Thermistor cryoscopes are very accurate where over 2% added
Confirmatory tests are required because of slight differences

in freezing points with unwatered milk and the instrument's precision.

The

procedure is complex and the operators need to be alert during the processing
time.
Wescor Vapor Pressure Osmometers have been used successfully in the
medical field for determining serum and urine osmolality.

The instrument

actually measures dew point temperature depressions and might, therefore, be
called a thermocouple psychrometer or hygrometer.

However the vapor pressure

2

terminology was selected because the unit was used to evaluate vapor pressure,
a colligative property, as predicted by temperature changes in the instrument
chamber.

The osmometer showed excellent agreement with serum samples

when compared with a cryoscope (51).
Several advantages have been claimed which suggest the possible application of the instrument by the dairy industry and by food research laboratories
for measuring water activity in intermediate moisture foods.

This paper sum-

marizes the potential for the Vapor Pressure Osmometer to measure added
water in milk.

Objective
It was the objective of this investigation to evaluate the Vapor Pressure

Osmometer for use in measuring added water in milk by:
1.

Observing the reproducibility of the Osmometer on a milk sample.

2.

Evaluating the precision of the Osmometer.

3.

Comparative studies using the Modern Cryoscope and Vapor Pressure
Osmometer.

4.

Performing a collaborative study of the Osmometer at different
laboratories.
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REVIEW OF LITERATURE

The freezing point of solutions
The addition of a solute to any solvent depresses the freezing point (79).
Water added to the system raises the freezing point value.

Raoult (68) worked

out the mathematical relationship between the freezing point depression and
concentration of solute and expressed it as: Tf = Kfm, where Tf is the freezing
point depression, Kf the molal depression constant and m the molal concentration of solute.

The freezing point and constituents of milk
For over 50 years the freezing point of milk has served as a quality
control test and an official method for detecting adulteration of milk with added
water (34).

The freezing point of cows' milk is one of the least variable proper-

ties and it provides a most accurate means of detecting added water (49).
Vaitkus (90) reported the superiority of the measurement of freezing point over
density, total solids and lactose (refractive index) for accurate determination of
added water.
Milk is in osmotic equilibrium with blood which is the mechanism that
holds the freezing point within such narrow limits.

Measuring the freezing

point is an indirect method for detecting the Osmotic Pressure (93).

The osmotic

pressure and, hence, the freezing point of milk or of any aqueous system is
dependent on the concentration of water soluble constituents.

Cole et al. (15, 16)

4

and Henningson (40) stated that lactose and chloride account for almost 75% of
the total freezing point depression.

Over 50% of the depression was due to

lactose and about 25% due to chloride.

They also observed that 80% of the total

freezing point depression was due to lactose and chloride content in Jersey's
milk, and about 75% in Friesian milk.

The depression due to lactose was

-0. 294 C and that due to chloride was -0. 110 C.

They noticed a lower content

of lactose was counter-balanced by a rise in chloride content and vice versa.
Fat and insoluble proteins did not have any measurable effect.

Pinkerton and

Peters (62, 65) also reported that lactose was the most important factor governing the freezing point of milk.

The correlation between the two was 0. 729. An

increase in the amount of lactose led to a decrease in the total number of salt
molecules and ions dissolved in milk.
Rees (70) and Henningson (40) reported that changes in the concentration of the non-chloride ash fraction (soluble acid phosphates) were the primary
causes of variations.
Barry et al. (8) also pointed out the complementary nature of the concentration of lactose and chloride but Aschaffenburg and Rowland (3) noted a
case where it did not exist.

They found that the lactose and chloride ratio of

morning versus evening milk did not change even though there was a change in
the freezing point.

Henningson and Lazar (46) reported that soluble

and co2 also lowered the freezing point.

o2 ,

N ,
2
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Variations of cows' milk
Shipe (82), Henningson (40), Tucker (88), Schoeneman et al. (75), and
Bradshaw (14), pointed out that variations of the freezing point of milk have been
attributed to season, feed, ambient temperature, grazing, carbohydrate content
of the ration, breed of cow, time of milking (morning or evening milking), water
intake, weather, the time interval between feeding and milking, state of lactation, solids-not-fat content, method of handling milk, and the mastitis. In spite
of variations between samples, analysis, and interpretations, the freezing point
of milk was the most reliable index of added water.
Green et al. (37) and Custer and Green (17) observed that cows on a
semi-starvation diet of poor quality ration and energy gave milk with abnormally
high freezing points.

Tucker (89) reported that Jersey cows fed a low energy,

low roughage ration had the mean freezing point of milk, -0. 538 C, compared
to a control with good quality pasture of -0. 547 C, but for a higher energy
ration the mean was -0. 548 C.

The cows fed the low energy ration also lost

weight, milk yield, and the percentage of solid-not-fat was depressed.

Peterson

and Freeman (63) also observed the same results when Jerseys were fed low
protein concentration.

Demott et al. (24) reported 0. 003 C difference between

low and normal forage ration.

Shipe et al. (85), Peterson and Freeman (63),

and Demott et al. (24) observed differences in both the average and range of
freezing point of cows' milk on three different rations (pasture, hay and haygrain).

The freezing point ranged from low to high respectively.

6

Gikonyo and Kleyn (34) and Peters et al. (61) reported that cows fed
with high crude fiber rations produced milk of greater freezing point depression
than cows fed a low crude fiber ration containing the same amount of net energy.
Freeman et al. (33) stated that cows on pasture yield milk with higher freezing
points than the milk of cows not on pasture. Demott et al. (24) reported that
high moisture silage yielded a higher freezing point than low moisture silage.
In 1966 Demott (25) stated that the higher the percentage of NaCl in the grain

the lower the freezing point, but that the concentration of chloride in the blood
or milk did not change when salt intake was changed. He concluded that feed
change varied the freezing point.
Bagnall and Smith (7) and Peterson and Freeman (63) reported that milk
from cows which had recently been changed from stall feeding to grazing had
abnormally high freezing points.

Peterson and Freeman (63) observed that

sudden or radical changes in the ration affected the freezing point of milk.

Milk

from Jersey cows was affected to a greater extent than that from Holsteins.
Pinkerton and Peters (64) reported that the freezing point of milk was raised
and the solid-not-fat was lowered when cows were shifted from a high to low
carbohydrate diet.

In 1969 Demott et al. (26) observed that the freezing point

of milk was lowered when changing the feeding from a dry lot program to full
pasture. Peterson and Freeman (63) reported that cows with free access to
water following periods of water restriction had the freezing point of milk raised
O. 030 C to O. 040 C.

7

Shipe (79) found most of the seasonal variations due to differences in
feed.

He also observed that different breeds seem to respond differently to

feeding and seasons. Demott (22) found the freezing point depression of milk
to be greater during winter than during other seasons.

The solids-not-fat and/

or chloride concentration were found lower in warmer seasons. In 1967 Demott
and his colleagues (24) reported that milk had a lower freezing point when collected near the end of lactation. In 1971 Demott (22) reported that milk of a high
lactose concentration was produced when the environmental temperaturehumidities index was high but the solids-not-fat concentration was low.

Tucker

(88) also found a tendency toward higher freezing point depression during the
colder months of the year. Reagan and Richardson (69) also noticed that
differences in environmental temperatures affected the freezing point value of
milk.

Freeman et al. (33) observed a higher freezing point on days with higher

temperature, since the cows consumed more water on these days.
studied the effect of mastitis on the freezing point of cows' milk.

King (48)
He reported

that clinical mastitis caused a significant overall reduction in milk yield,
percent fat, percent of solids-not-fat, and the freezing point depression.

The

reduction in the freezing point depression was significant for cows infected with
Streptococci agalactiae or other Streptococci.
Kleyn et al. (50) discovered that cows fed at uniform intervals consumed
more feed and produced more milk than those fed at irregular intervals.

The

freezing point of uniform interval feeding had a higher value than that of the
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irregular intervals.

They also observed differences in the relationship between

the freezing point of evening and morning milk for the different ration schedules.
Shipe et al. . (8 5) and Shipe (79) reported the average freezing point of
morning milk as 0. 002 C higher than evening milk when the cows had free access
to water on the pasture. If the cows were housed and had no free access to
water the evening milk was higher than the morning one.

Robertson (72) stated

that cows in excellent or good condition yielded lower freezing points whereas
cows in poor condition produced milk with higher freezing points.

The average freezing point of milk
Henningson (45) reported that the Association of Official Analytical
Chemists (AOAC) adopted -0. 550 C in 1923 as the average freezing point value
of milk, based on the work of Bailey.

They permitted a 3% tolerance as the

upper limit for a water free sample at -0. 5335 C.
-0. 550 C.

Doan (27) also recommended

Robertson (72), in 1972, recommended -0. 543 C for the average

freezing point of milk.

His survey in 1960 was primarily responsible for

officially changing the upper limit for water free samples to be -0. 530 C.
Dastur et al. (19) recommended -0. 530 C to be the legal minimum for Indian
milk.

Lampert (52), in 1959, suggested that -0. 540 C is a more desirable

figure than -0. 550 C. Dahlberg (18), in 1958, suggested -0. 527 C be fixed as
the upper legal limit for the freezing point.

In 1970 Henningson (46) reported

the mean freezing point value of milk to be -0. 529 C in Southeastern United
states.

He suggested that milk solids-not-fat should be measured to provide
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another index before classifying milk as containing added water.

He stated

8. 5% of milk solids-not-fat and a freezing point value of -0. 520 C would serve
as a minimum standard.

He also recommended regional or area freezing point

standards based on local data.

The current official standard published by the

AOAC is -0. 525 C (6).

Effect of preservatives upon freezing point depression
Aschaffenburg et al. (4) reported that 0. 01 % mercuric chloride prevented souring of milk and recommended application of a correction factor of
+O. 004 C to the freezing point of preserved samples.

Rao et al. (67) tested

eleven preservatives and recommended a correction factor of 0. 020 C for the
use of O. 075% HgC1 . Rao et al. (67) observed that only HgC1 kept milk in
2
2
satisfactory condition and did not considerably alter its freezing point.

Giroux

(35) reported that milk samples can be preserved with adequate amounts of
either formaldehyde or HgC1 . Binder and Ast (10) stated that milk can be
2
preserved satisfactorily for 5 days by the addition of suitable proportions of
formaldehyde or HgC1 but best by immediate cooling and holding at 2-4 C.
2
Where a preservative is used determination of the freezing point should be made
at some fixed time after its addition.

The AOAC allows only three preservatives

(HgC1 , K cr o , and Formalin) to be applied to the milk (6).
2
2 2 7
Prefreezing of the milk samples
&Mann (20) cited some causes of the prefreezing of milk.

He found

that well water contamination was responsible for prefreezing solid particles

10
acted as crystallization centers. DeMann (20) also observed that O. 5% of added
well water could cause prefreezing.

Sargent et al. (73) reported that the addition

of only 2% abnormal milk to normal milk could cause shell ice formation on the
inside wall of the freezing point tube at higher temperatures than usual.

They

suggested that heating the milk for 5 minutes at 40 C would prevent prefreezing.

Storage of milk
Weese et al. (91) reported that samples of frozen milk were not as uniform as those of fresh milk.

Shipe et al. (85) reported that raw milk stored

between 35 and 38 F for 24 hours or at 40 F for 36 hours showed no significant
change in freezing point depression.
Pinkerton and Peters (65) reported that the storage of raw milk in the
fluid state tends to cause a higher freezing point.

Raw milk stored in the frozen

condition is thought to undergo a change which caused the thawed milk to have a
higher freezing point Henderson (38) and Shipe (78).

However, milk in an

unsealed container, frozen with dry ice, apparently had a lower freezing point
than the original (31).

Demott and Burch (23) reported that cows' milk stored

frozen for 93 days had freezing points significantly higher than the fresh samples. Differences in freezing point ranged from O. 003 to 0. 025 C.

He recom-

mended that if milk is to be held for later analysis, samples should not be
stored frozen.
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Refreezing of milk sample
Refreezing milk also raises the freezing point.

Shipe (78) reported that

if one refreezes a milk sample the freezing point of the second determination
may be higher.

The freezing point of processed milk
Roahen and Mitten (71) found that the flavor producing substances in feed
are carried by the blood from the digestive system to the udder and appear in
the milk.

Some substances can be transmitted through the lungs to the blood

and finally to the udder.

Lazar and Bellamy (53) studied the use of the vacuum

thermal pasteurizer for milk flavor control.

They found the De-Laval vacuum

thermal pasteurizer to be effective in removing onion flavors from the milk.
Sato et al. (74), Smith (86, 87) and Demott (21) reported that processing operations such as standardization, clarification, pasteurization, and homogenization, when properly executed did not modify the freezing point.

They observed

that water was getting into the milk at the farm, in the receiving operation,
and during the handling and processing of the milk within the plant. Asperger
and Binder (5) reported a 0. 25% to 2% added water increase might occur from
the handling and processing of the milk.

Henderson (38) reported that the factors

which cause changes in the freezing point were: vacuum pasteurization, sterilization, frozen milk storage and homogenization.

Pinkerton and Peters (65)

reported that pastuerization at 161 F for 16 seconds and higher temperature at
169 F for 16 seconds of herd milk raised the freezing point and decreased the
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conductivity with no apparent effect on the lactose present. However,
Aschaffenburg et al. (2) reported that Ultra High Temperature treatment had no
effect on the freezing point.

They found small variations in the chemical com-

position of the milk were attributed to difficulties in achieving uniformity of
sampling.

Blackmore (12) reported the yearly average freezing point of pas-

teurized milk to be 0. 004 C higher than that of raw milk.

Demott (21) and

Henningson and Lazar (46) also reported that vacuum pasteurization raised the
freezing point O. 005 C which is equivalent to 1% added water.

Henderson (38)

and Smith (86) and Demott (21) reported that pasteurization could raise the
freezing point O. 001 C and homogenization could cause an additional increase
of 0. 0016 C.

Differences between raw and pasteurized- homogenized milk was

0. 0026 C even without vacuum chamber processing.

Shipe (83), Henningson

and Lazar (46) and Henderson (38) reported that the effect of vacuum treatment
on the freezing point of milk, was partially due to
removal of

co 2

co 2 and

H 0 removal.
2

The

raised the freezing point but removal of water simultaneously

lowered the freezing point.

They found that vacuum treatment may raise the

freezing point by as much as 0. 008 C.
point of milk can be lowered by adding
applying vacuum to the milk.

Henderson (38) reported that the freezing

co2 and

can be subsequently raised by

Moore et al. (58, 59) reported that the freezing

point elevation appeared when 25% of the

co 2 had been removed

from the milk.

They also reported that the location of the vacuum unit in the processing line
also produced differences. When the unit was placed behind the flow diversion
valve, the increase was 0. 003 C, but when it was placed behind the raw generator
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the increase was 0. 005 C.

The double chamber vacuum unit raised the freezing

point 0. 008 C, whereas the single chamber only raised it O. 003 C.

Lazar and

Henningson (54) reported that when the difference between the temperature of
pasteurization and the temperature in the second vacuum chamber exceeded
20 F, water was removed from the milk and the total solids content of vacuum
pasteurized samples markedly increased by apparently 0. 05%, and the freezing
point was lowered O. 004 C. If less than 20 F, the freezing point was raised
O. 006 C, which is equivalent to 1% of added water.

This change is due to the

removal of gases from the milk by vacuum pasteurization. Armandola and
Brezzi (1) observed that Uperization caused an average increase in the freezing
point of milk serum of 0. 01 C corresponding to an apparent dilution of 1. 84%.
Parkash (60) observed that the freezing point of milk samples brought to a boiling
point in a beaker and then allowed to cool gradually, were 0. 004-0. 008 Clower
than those of the raw samples. After boiling and simmering at 95 C for 5-20
minutes, the resultant freezing point depressions were increased by 0. 0280. 040 C with 5 minutes and by 0. 129-0. 140 C with 20 minutes simmering.

Boil-

ing under reflux for 30 minutes and sterilizing for 15 minutes at 15 lbs. pressure
produced little or no change in the freezing point of the samples.

Shipe (79)

stated that, heating for 20 minutes at 60 C raised the freezing point about O. 002 C.
These observations suggest that heat treatments do not affect freezing point
depressions unless dissolved gases or moisture is driven off.
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Freezing point as an index of added water
Ystgaard et al. (95) reported that watering in the milk had been encountered in Iowa.

At that time cryoscopes were not available.

Certain milk

buyers in Iowa were using the lactometer to determine total solids in milk and
were estimating added water by the limiting formula:

ss
1
% added H2 0 = SS

-

ss

2

x 100 ---- I

1

ss 1 was the legal minimum of serum solids

(8. 5% in Iowa),

ss was solid
2

percentage found by the lactometric procedure:

ss 1 = o. 4 F + 7. o7.
Later the limiting formula was modified to:

ss
% added water =

110. 89 - 111. 11 -

2

ss 1

by Bird and Ystgaard (11).

Levowitz (55) reported that lactometers would detect

milks which have been grossly watered, but were not critical enough to show the
presence of less than 10% of added water.

Sato et al. (74) reported that AOAC

equation:

% added water=

T-T
1
T
x 100.

T =average freezing point depression for normal milk.
T =the freezing point depression for the sample under investigation.
1
The Association of Official Analytical Chemists recommended -0. 550 C as the
standard average freezing point of milk.

Blackmore (13) recommended -0. 530 C.

The calculations do not include those that compensate for the solids content of
milk.

Elsdon and stubbs (30) recommended:

15
T-T
1
% added water = T

(100 - T. S.)

T. S. = the percentage of total solids in the sample under observation and
use 0. 544 C as average freezing point depression.
Freeman (32) recommended:
_ (-0. 544 - T)
-O.
544

% added water -

O. 92 x 100.

Ystgaa rd (95) reported that Aschaffenburg and Veino glou, MacDonald , and
Stubbs and Elsdon all consider that -0. 530 C is the limiting freezing point of
milk. Shipe (80) reported the minimum percentage of added water:

W = 100 - T. S.

(T - T )
1
T

T = 0. 530 C
T

1

T . S.

=

freezing point of sample

=

% of total solids.

rhe formula is currently accepted by the AOAC.
Lythgoe (57) reported that the official cryoscopic method for the detec-=
:ion of added water in milk stated that the method is applicable only to samples
v ith titratable acidity not exceeding 0. 18%.

He found that the freezing point of

:nilk decreases 0. 003 C for each O. 01 % increase in acidity.

Cryoscopy of milk
Kleyn and Shipe (49) reported that Hortvet in 1921 developed the official
method for determining whether or not cows' milk had been adulterated by the
addition of water.

Hortvet emphasized the need for using standardized equipment
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and technique.

His procedure involved the measurement of the differences

between the freezing point of a standard solution (such as 7% sucrose) and the
freezing point of milk.

His choice of sucrose solution for calibration standards

may have been unfortunate, since the freezing characteristics of sucrose solutions and milk are different, according to Shipe (77).

This observation suggests

that variations in technique may not have exactly the same effect on the standard
as on the milk.

Furthermore, it is difficult to obtain reproducible results with

sucrose solutions.

Shipe (78) suggests that agar should be added to standard

sucrose solutions to make the freezing behavior similar to that of milk. In 1961
Shipe (81) reported that sucrose solutions often self-seed, which may give rise
to erroneous reading. Salt solutions would overcome these difficulties.

Sucrose

solutions could also rapidly undergo microbial decomposition even under refrigeration, so that they can not be stored safely, once opened, for longer than a
week.
Shipe (79) recommended that the thermometer should be calibrated by a
recognized testing institution. Elsdon and Stubbs (29) observed that thermometer
calibration varied with the storage temperature and age of thermometer.

Main-

taining the thermometer at a constant depth in the sample was considered important.

Levowitz (55) summarized that the Hortvet test used evaporating ether to

cool alcohol and super-cool milk, and that crystalization was initiated by seeding
with ice.

Shipe (79) reported that Monier-Williams suggested the alcohol be

removed from the tube surrounding the sample tube at the time of seeding, so
as to reduce heat transfer during the freezing process. Shipe (79) reported that
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Temple designed a modified cryoscope in which a mechanically refrigerated
bath was substituted for Horvet' s ether cooling system.

However, it was still

necessary to stir the sample and tap the thermometer manually.

Shipe et al.

(84) designed a modified cryoscope, called a semi-automatic cryoscope, which
used a glycol-water solution instead of ether as a cooling medium, and which
employed a mechanically refrigerated bath, and mechanical devices for stirring
the sample and tapping the thermometer.
variations between

analysis~

Mechanical tapping markedly reduced

Dubin (28) reported that the manner of tapping the

thermometer appeared to be an important factor in causing variations.

Green

(36) also has designed a cryoscope with a mechanical stirrer and tapper.

Shipe

(79) reported that Gaballah designed a cryoscope with four freezing tubes which
allowed four determinations to be made in 15 minutes, and that Knowles modified
an electric water cooler to provide a bath for a cryoscope.
In 1939 Bell Telephone Research l1aboratories developed thermistors of
tin elements formed from fused metal oxide. Shipe (79) reported that about
1956, Bowman, Trantham, and Caufield developed a cryoscope using a thermistor as a thermal sensing element in place of the mercury-in-glass thermometer, e.g., quicker response to changes of temperature, the absence of zero
corrections, a smaller quantity of milk was required, and the cooling rate could
be faster.

The American Instrument Company Inc. and Fiske Associates Inc.

have manufactured cryoscopes which use thermistors.

Blackmore (13) claimed

that Fiske's cryoscope measured temperature accurately to 0. 001 C.

Henningson

(44) reported that the thermistor method was adopted by the Association of

(:
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Official Analytical Chemists for First Action in 1960 and in 1964 it became
Official Final Action for determining the freezing point of milk.
England and Neff (31) found that cryoscopic variations among results
using the same sample are mainly due to the following factors: faulty cryoscope
operation, use of inaccurate calibration standard, improper care and use of
standard, non-linear cryoscopic dials, prefreezing the samples in solid co

2

(resulting in co2 dissolving in the milk), and shaking that incorporated air.
Henningson (41) in 1966 found that refrigerated bath level, sample temperature,
rate of stirring, degree of super-cooling, sample size, and refreezing of the
sample were the variables most likely to cause differences in determining the
freezing point by the thermistor cryoscopic method.

Statistical analysis

established that the variables produced changes of 0. 001 - 0. 011 C in the freezing
point.

Henningson (42) in 1967 recommended specific directions as part of the

thermistor cryoscopic method, including: uniformity in cooling, uniform degree
of super-cooling, uniform seeding, and uniform reading procedures.

The

Associate Referee on Cryoscopy of Milk recommended that "specific directions"
for determining the freezing point value of milk by the Thermistor Cryoscopic
method be included in the official method.
Henningson (43) in 1968 found the standard deviation of thermistor
cryoscopic method for determining freezing point of milk was.:!::. O. 0015 C and
.:!::.

0. 004 C for standard.

The systematic error was estimated to be .:!: . 0. 0033 C

from 19 collaborators for two sample pairs.

The standard deviation for

19
inter-laboratory individual determinations was estimated to be.:!::. 0. 049 C, and
Coefficient of Variability of 0. 97%.
Henningson (44) in 1969 reported the recommendation to the AOAC, that
interpretation of the freezing point of milk be made a part of the Official Final
Action.
Henningson (45) in 1970 reported that if the freezing point is -0. 525 C or
below, milk may be presumed to be water free or may be confirmed as water
free by test.

If the freezing point is above -0. 525 C, milk will be designated

"presumptive added water" and will be confirmed as added water or water free
by test.

To confirm herd milk as added water or water free, determine the

freezing point of an authentic sample of herd milk obtained equal to or less than
48 hours after sample to be "confirmed." An authentic sample is a sample of
milk from one complete supervised herd milking (either A. M. or P. M. --but
beginning not less than 11 or greater than 13 hours after the beginning of the
previous milking) and obtained from the bulk tank after the entire herd has been
milked, through approved, properly sanitized, and thoroughly drained milking
system, but before running

o~

or washing of the system has begun.

The freezing

points of authentic samples and samples are then compared. If freezing points
differ by less than 0. 010 C, the sample is confirmed as water free.
Ligugsnana (56) reported the use of a "Kry-0-mat, " an automatic
cryoscope, for the estimation of the freezing point of milk. An audible warning
is given when the milk is super-cooled, to enable the operator to return to the
instrument to initiate crystallization and take the reading.
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Vapor pressure osmometer
Hunter and Campbell (47) reported the feasibility of performing osmolality
determinations by vapor-pressure measurements using a Wescor Model C-51
Sample Chamber Psychrometer (Thermocouple Psychrometer).

They also

reported that equibration time varied inversely with solute concentration. In
biological systems osmolality has been expressed in milliosmolals per kilogram
of water. One milliosmolal/ Kg gave a freezing point depression of O. 001858

c.

Kopp (51) compared osmolality measurement by a Wescor Model 5100
Vapor Pressure Osmometer with an Advanced Instruments Freezing Point
Osmometer.

The results of single tests of 40 serum samples showed excellent

correlation.
The Wescor Vapor Pressure Osmometer is a thermocouple hygrometer
which measures the osmolality as a function of dew point depression over a
sample in a closed chamber.

This technique was pioneered by Wescor Inc.

and has proven to be accurate and efficient in world wide research applications.
Hospital tests have demonstrated the superiority of this technique in clinical
medicine.

Hereinafter the Vapor Pressure Osmometer will be referred to

simply as osmometer though the instrument industry frequently refers to thermistor cryoscopes also as osmometers. Thermistor cryoscopes will be
referred to hereinafter simply as cryoscopes.
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MATERIALS AND METHODS

Milk samples

Fresh raw milk samples collected for the Dairy Herd Improvement
Association testing program were obtained from the Central Milk Testing
Laboratory of the Utah State University Foundation, Logan, Utah. Bulk tank
milk samples were also obtained from the Utah State University dairy bulk tank
md from the Cache Valley Dairy Association laboratory in Smithfield, Utah.

:::!ryoscope
An advanced Instrument Inc. Laboratory Model Thermistor cryoscope
'Newton Highlands, Mass. 02161) was used for the comparative study (Figure 1).
f he manufacturer's instructions and -0. 422 C, -0. 621 C sodium chloride
3tandard solutions were used in standardizing the instrument.

Dsmometer
A Wescor Osmometer (Model 5100 LED panel meter, Figure 2) was used
wcording to the manufacturer's instruction except when acetone impregnated
tissues were used between tests to improve the repeatability. A 290 milliosmolal
chloride reference standard solution and distilled water were used for calibration
md for checking the cleanliness of the thermocouple respectively.
L

show front and back views of the osmometer.

Figures 3 and
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LABORATORY MODEL ADVANCED MILK CIYOSCOPE

Figure 1. Advanced Thermistor Cryoscope used in the comparative study.

Model 5100 features a solid state
digital panel meter which directly
displays osmolality readings in
numerical format. Eliminates
range switching and operator
reading errors.

Figure 2.

Vapor Pressure Osmometer (Model 5100) used throughout the investigation.
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Vapor Pressure Osmometer (rear view).
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Operation of the cryoscope
Precautions were taken to maintain the bath temperature at about -7 C.
Two milliliters of milk were pipetted into a 6. 0 ml dried standard sample tube
and the instrument was operated as follows.
Uniform method steps. 1.
elevator on the refrigerator deck.

Fast cool: Place a loaded sample tube in the
The tube rests on the elevator spring, so that

the top of the tube is just above the deck.

Lower the head fully.

The tube is

immersed in the bath and cools at the rate of O. 5 to 2. 0 mm/seconds on the
galvanometer scale. Set the readout knob to the expected final reading.
2.

Slow cool: When the galvanometer spotlight reaches approximately

15 mm left of center, cooling should slow down.
if desired.

3.

Raise the head to slow cooling

The galvanometer spotlight slows to less than 0. 5 mm/seconds at 1_.
Freeze: When the 'galvanometer spotlight

reaches~

at 20 mm left of

center scale, press button 3. The stir wire vibrates violently fot 1 second.
The sample freezes.
4.

Zero check: Press button 4 and zero the galvanometer spotlight.

5.

Measure: Press button 5.

Turn the readout knob so the galvanometer

spotlight is on the center line. Keep centering the spotlight as it drifts to the
right.

Make the readout when the spotlight stops and remains temporarily on

the plateau before it begins moving to the left.
6.

Lift the head fully after each test.

The sample tube is raised. When

the instrument is to be shut down for the night, press button 6 to turn off the
measure circuit.
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Operation of the osmometer
The chamber sealing knob was rotated counter clockwise (one-quarter
turn is sufficient) and the sample slide withdrawn from the instrument.
1. A 0. 64 cm diameter filter paper disc was picked up by grasping the

edge with forceps.
2. The disc was immersed one--half to three-quarters of the disc's
diameter, depending on the viscosity of the sample, into the solution to be
tested . Dipping the forceps in the sample must be avoided (for if this occurs
the disc would be in a supersaturated condition possibly producing a low reading).
The solution was allowed to impregnate the disc through capillarity. After the
disc was completely saturated and excess solution was allowed to drain from the
disc by touching at the edge of the sample container before inserting it into the
instrument sample chamber.
3.

The saturated disc was promptly placed precisely in the center of the

concave depression in the sample chamber as shown in Figure 5.

Care was taken

to avoid touching the wet disc on the outer surface of the sample holder.

This

caused contamination of the thermocouple chamber when the sample was inserted.
4.

The sample slide was gently pushed into the instrument until it stopped. '

The IN PROCESS indicator then lit up.
5.

The chamber was sealed by rotating the chamber sealing knob clock-

wise. It is impbrtant that the knob be rotated to a firm positive stop. · The automatic time sequence was initiated upon sample insertion.
cates milliosmolal reading automatically in 110 seconds.

The instrument indi-

·-~,~

~-\:'-

~
......

_

"1

Figure 5.

'\.

Loading of the sample disc into the center of the sample holder.

Ni
00

29

Figure 6 portrays a typical temperature cycle. Upon closing the chamber
a high temperature transient (A) occurred due to the pressure developed in the
chamber.

The sample chamber then returned rapidly to ambient instrument

temperature TA'

The instrument automatically established a zero reference

point during this period of thermal and vapor pressure equilibration (B). A
controlled direct current was passed through the thermocouple junction, cooling
it by means of the Peltier effect to a temperature below the dew point (C).

Water

condensed from the air in the chamber and formed a liquid film on the junction
surface. The cooling interval varied with the osmolality of the sample.
Upon removal of the electric current from the thermocouple, the heat of
condensation raised the temperature of the junction asymptotically toward the
dew point until equilibrium was reached and the junction ultimately read the dew
point temperature T n· The final reading (D) on the instrument was fixed on the
digital meter and an audible tone indicated that the cycle was completed.

The

final reading was proportional to the dew point temperature depression in the
chamber. Upon opening the chamber the TA reading was restored following a
lag (due to the wet bulb depression temperature (E)) until all the water had
evaporated from the junction. When the chamber was opened, the water
evaporated instantaneously and the thermocouple temperature quickly returned
to TA.
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RESULTS AND DISCUSSION

The repeatability of the osmometer was first examined. A fresh raw
milk sample was run for 50 tests and produced a coefficient of variability (C. V.)
of 1. 07% and a standard deviation(s) of 3. 03 as shown in Table 1. The high s
was probably due to the result of some organic substances that were left in the
sample chamber pocket which fouled the thermocouple. It was suggested that
an acetone impregnated Kimwipetissue wash of the sample chamber pocket
between tests might improve s.

Table 2 shows the improvement in the C. V.

(0. 06 %) and s (0. 18) when this was done.

These results were obtained from 25

replicate tests of a fresh raw milk sample, with and without using acetone.

The

slight advantage ins suggested the use of an acetone wash between tests. When
the sample chamber pocket was not washed between tests the C. V. value, as
shown in Table 2, was 0. 76% compared to the C. V. value of 1. 07%, as shown in
Table 1. The difference might be due to the fact that the data of Table 2 was
obtained from an experiment conducted in a controlled temperature room, while
the data from Table 1 was obtained from an experiment conducted in an uncontrolled temperature room.
Cryoscopes are claimed to have .:.2 milliosmolal precision when measuring
0. 2 ml samples and ±_ l milliosmolal precision when measuring 2 ml samples
(Bulletin, Advanced Instruments Inc., Newton Highlands, Mass. 02161).
implies respective C. V. 's of 0. 69 and O. 34%.

This

Shipe's (77) data produced a
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Table 1. Reproducibility of a vapor pressure osmometer on a fresh raw milk
sample
Range

x

50

279 - 289

283.1

Table 2.

c. v.

s

N

3.03

1. 07

Vapor pressure osmometer repeatability precision on a milk sample
with and without acetone wash of sample chamber between tests
N

x

8

c.v.

Without wash

25

283.9

2. 16

0.76

With wash

25

284.6

1. 98

0.70

mean C. V. of O. 41%.

The precision of the osmometer reported above may be

slightly inferior to cryoscopes when using large samples, however, other
advantages suggest the applicability for use in the dairy field in spite of these
differences.
The mean freezing point of 200 cows' milk samples in the Cache Valley
area was determined in February, 1974.

Ten samples of fresh raw milk from

individual animals were obtained from each of 20 different herds had a mean and
s of 280. 1

~

3 milliosomolal. The C. V. was 1. 06.

was 273-286 milliosmolal as shown in Table 3.
each herd.

The range of the readings

Table 4 data shows the mean of
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Table 3 . Vapor Pressure Osmometer reading in milliosmolal of 200 individual
fresh raw milk samples from 20 different herds
N

Range

x

s

200

273 - 286

280.1

2.97

Table 4.

c. v.
1. 06

Milliosmolal for fresh raw Holstein cow milk (unpreserved DHI
samples) tested from 10 animals per herd from 20 herds

Herd
1
2
3
4
5
6
7
8
9

10
11
12
13

14
15
16
17
18
19
20
Overall mean and standard deviation

x mos/Kg

280.9
281. 0
280.1
280.9
279.0
278.5
278.7
281. 2
277.5
280.6
281. 6
280.0
279.1
279.6
279.0
279.9
280.3
282.6
279.7
281. 4
280. 1 + 3 milliosmolal
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The mean compared to a freezing point value of -0. 520 C. It was above
the official upper limit of

~o.

525 C (6 ). If the freezing point of milk is -0. 525 C

or below, that milk may be presumed to be water free or need to be confirmed
as water free by additional tests. If it is above this temperature milk will be
designated "presumptive to contain added water." The mean of the 200 animals
was found to be above this value even though they were obtained directly from
the animals.

The explanations for this could be many, because the variability

of the freezing point of milk depends on several factors as listed by Henningson
(40). These factors might cause the mean to be out of the expected range. One
of the factors listed by Henningson was seasonal differences.

Table 5 shows

that the mean of a fresh raw milk sample from bulk tank milk samples was
288. 3

~

2 milliosmolals which is comparable to a freez ing point value of -0. 535 C.

Table 5 data was obtained in the Summer while the data of Table 3 was collected
in Winter, showing possible seasonal effects.

However, Freeman's (33) data

showed a higher freezing point depression in Winter than in Summer and thus
was in conflict with my results.

Another reason might be due to a bias in

instruments calibration or in standard solutions which would help explain the
lower mean value. As standard sodium chloride solution evaporates, the actual
milliosmolal value will increase while the instruments will remain at 290. Thus
the sample may have lower value than expected.
Authenticated samples, confirmed free of added water, must be further
tested as explained in standard Methods (9) before claims of low level water
addition can be made.

Instrument procedures suggest no claims of added water
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should be made if less than 2-3% (Instruction Manual, Advanced Instrument
Inc., Newton Highlands, Mass.

02161). This suggests that more emphasis

should be placed on the differential milliosmolal reading and that the base value
will vary and must be checked before confirming low levels of water addition.
If a consistent bias caused the low results in this study, the C. V. and the need

for confirmatory testing suggests that instrument application is not adversely
effected and that standard solution quality must be continually assured.
The osmometer was used in the study to detect the amount of added
water which might be present in the milk samples. A fresh raw milk sample
which was obtained from bulk tank milk samples was diluted with known amounts
of water (v /v) and tested 10 times at each level of dilution.

Figure 7 data shows

that the percentage of added water and the percentage of measured results are
linear. Statistical analysis showed, as the percentage of addition was high,
the s and C. V. were also high (Table 5).
A comparative study between the cryoscope and the osmometer was
conducted.

Twenty milk samples, obtained from the Cache Valley Dairy Associ-

ation were diluted with water at different levels from 1 to 25% (v /v) and tested
on both instruments.

Figure 8 summarizes the correlation between the readings

from those two instruments to be 0. 991 (Table 6).

The mean difference of the

two readings was 0. 61 and the cryoscope reading had a better s of

8~

38 while

the osmometer was 8. 54. Both of the instruments had the precision for
measuring added water wherever 2% is present.
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Table 5. Percent water measured by a vapor pressure osmometer following
known water additions to a fresh raw milk sample. Data represent
means of 10 replicates
Osmometer reading
milliosmolals
(s)
(X)

Water
added
(%)

0
1
3
5
10
15
20
25

288.3
285.2
280.1
274.2
258.2
245. 1
229.9
215.0

1. 83
1. 55
1. 20
1. 62
1. 81
1. 10
1. 60
2.36

c. v.

Measured water
added, x

(%)

(%)

0.63
0.54
0.43 .
0.59
0.70
0. 45
0.70
1.10

1.1
2. 8
4.9
10.4
15.0
20.3
25.4

Letters were sent out to hospitals in Idaho and Utah which owned
osmometers, asking for participation in a collaborative study. Six hospitallaboratories indicated they would participate in the study.

The Wescor labora-

tory used two different technicians and osmometers that were operated in different rooms simultaneously allowing the incorporation of eight collaborators.
A fresh raw milk sample was collected directly from the Utah state
University dairy bulk tank. It was then pasteurized at 145 F for 30 minutes and
cooled down to room temperature. It was then diluted with water to produce
five different concentrations. Each of the eight collaborators received a copy
of instructions for collaborators including a report form, a brief questionnaire,
and specific directions to use the acetone wash of the sample chamber pocket
between tests.

They were instructed to use a 290 milliosmolal sodium chloride

standard solution that was supplied in the company's calibration kit.

Five
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Table 6.

Correlation of percent water indicated on a thermistor cryoscope and
a vapor pressure osmometer following analysis of milk samples containing varying amounts of added water
Added Water
Cryoscope

Osmometer

(%)

(%)

1. 8
2.0
2.5
2.5
3.0
3.0
4.0
5.0
6.0
6.0
15.0
15.0
16. 0
16.0
18.0
19.0
20.5
21. 0
24.5
25.0

1. 7
2.1
1. 7
2.5
4.2
2.9
5.6
6.0
6.0
7.9
16.4
15.6
14.2
17.5
21. 0
20.4
22.l
20.0
23.5
26.0

x

11. 25

11. 86

s

8.38

8.54

r

o. 991
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samples of milk were given to each laboratory with the request that a single
milliosmolal value be determined.

Dr. Don V. Sisson suggested that duplicates

were not required based upon previously reported s and C. V. values.
results are summarized in Table 7.

The

The sample means closely approximated

the true value except sample C which was high.

This

sugges~ed

a non-linear

problem at high added water levels; however, this was not confirmed in the
comparative study or subsequent evaluations.

There was a higher C. V. found

at 25 % in one case (Table 5), however, the mean percent added water was only
0. 4% higher.

Table 5 shows the mean C. V. was 0. 64%, it was less than that in

Table 2, and this might be due to the fact that the experiment was conducted in a
controlled temperature room.

The C. V. and the s of the collaborative study

were higher than anticipated. An analysis of variance with all laboratories
indicated a highly significant difference among laboratories.

The laboratories

were then ranked according to the procedures suggested by Youden (94).

His

table showed the 5% two-tail limits for ranking scores. The eight laboratories
that participated in the study with the five samples should have had a total rank
in the range of 9 and 36. All the data with total rank below 9 and above 36
should have been discarded.

Table 7 data indicated that the data of laboratories

6 and 7 should be excluded.
A least significant difference analysis of means of 10. 3 confirmed that
data from laboratories 6 and 7 should be discarded. When this was done the s
and the C. V. of the other six laboratories dropped down to 5. 8 and to 1. 4
respectively and no significant differences existed among laboratories.

Table 7.
Lab
No.

Collaborative study results obtained from five milk samples
Milk SamEle Identity
B
c
D

A

E

Lab
Mean

A

Laboratory Ran_ldng
B
c
D

E

Total
Rank

milliosmolals/kg
1

265

250

209

280

272

255

4.5

5

6

4.5

6

26

2

265

255

205

278

273

255

4.5

2.5

7

6

5

25

3

268

255

228

287

278

263

3

2.5

3

3

3

14.5

4

255

244

223

277

274

254

6

6

4

7

4

27

5

253

242

238

280

269

257

8

7

2

4.5

7

28.5

6

281

276

245

293

291

277

1

1

1

1

1

5a

7

256

216

202

250

261

237

7

8

8

8

8

39a

8

277

253

211

289

279

262

2

4

5

2

2

15

Meanx

265

249

220

279

275

True
value

265

248

209

279

272

10

17

16

13

9

4

7

7

5

3

s

c. v.

aData with ranking totals below 9 and above 36 should be discarded (1 % level).

,p..
~

42
Tables 8 and 9 data showed analysis of variance among laboratories and samples.
Table 8 showed the analysis of the eight laboratories and five samples.

Table 9

data excluded results from laboratories 6 and 7.

Table 8 . Analysis of variance, eight laboratories
Source

df

F

MS

Laboratories

7

628.20

9.65**

Samples

4

4587.66

70.44 **

28

65.13

Er ror

Table 9 . Analysis of variance.,--excluding data from laboratories 6 and 7
Source

df

F

MS

Labor atories

5

355.1

Samples

4

14704.5

20

1204.3

Error

O. 29 ns
12.21 **

Upon subsequent investigation, it was discovered that laboratory 6 had
not used their instrument for over, 1 month and had failed to balance it before
the collaborative study. In addition, laboratory 7 had experienced trouble and
called the manufacturer to check the source. After inspection, it was determined that the thermocouple was dirty, and instead of producing a reading of
distilled water near O, it produced one near 180.

The operator had not tried to
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clean and calibrate the osmometer before using.

Following cleaning of the

thermocouple, proper instrument operation was restored.

Thus the discarded

data from the two laboratories appeared justified and the need for proper calibration and maintenance of the instrument was emphasized.
The record of instrument reliability has been very good. Of the approximately 200 units that have been used in the medical field, only one has experienced a problem involving the replacement of a defective transistor. However,
as experienced in the collaborative study, to obtain good results a properly
clean thermocouple is essential.

Manufacturer's cleaning procedures and also

cleaning solution kits are supplied along with the instrument by the company to
assure proper maintenance of the delicate thermocouple.
Cryoscopy has required precooling in some instruments.

Another study

was conducted to observe the influence of the different degrees of sample temperature upon the osmometer's reading.
examined.

Two sets of milk samples were

Both were diluted with water to produce nine different (v /v) con-

centrations. One set was left at room temperature and the other was held
below 4. 4 C.

Each sample was tested five times for both sets, with the set

taken from the refrigerator having different temperatures for each level ranging
from 7-18 C.

Figure 9 shows the linearity between those readings with no sig-

nificant differences in results.
O. 993.

Table 10 includes the correlation coefficient of

Though a high correlation existed in the full range tested inconsistencies

at the 1% level suggest that the osmometer results below 2-3% would require
confirmatory testing as with the cryoscope. With 5 to 7 microliter samples in

44

II)

N

-...
0

c.>
GO
f

c
N

~

"'O

f

en
=

C\7
Cl>

... a:
II)

c
.....

2

~

....Lal

c

~
Q

w
Q
Q

c
II)

e

N

N

c

45

Table 10. Percent water measured by an osmometer at different sample
temperatures. Data represent means of five replicate tests
Water added

%

Measured water added

x (Tr = 21

C)

Measured water added

x (T 7-18

C)

1. 0

0. 8

2.2

2.0

1. 1

2.5

5.0

5.9

5.1

7.0

6.7

7.4

9.0

9.0

9.2

10.0

9.5

9.6

15.0

13.0

14.4

18. 0

17.5

17.4

20.0

21. 0

20.8

X' = 8. 43

=

s = 19. 2

= 18. 1

8. 78

r = 0. 993

a large mass sample chamber, the temperature equilibrated rapidly.

The

acetone wash effect upon the sample chamber pocket also did not appreciably
affect the sample chamber temperature.

However, instrument ambient tern-

perature control is essential. Unless instrument temperature can be carefully
maintained, field use of the osmometer would be limited and would require
frequent calibaration checks using a standard solution.
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Because of its efficiency in detecting added water in milk, the
osmometer should be considered for measurement of water activity in intermediate moisture foods.

47

CONCLUSIONS

1. A vapor pressure osmometer produced a coefficient of variability
of O. 70 on 25 tests of a milk sample when an acetone wash was used between
samples.
2. A comparison of the osmometer with a thermistor cryoscope produced a correlation coefficient of 0. 991 on 20 samples ranging from 1 to 25%
added water.
3.

The osmometer has similar limitations below 2-3 % added water as

the cryoscope.
4.

Sample temperature for the osmometer is not critical, however,

the ambient temperature of the instrument must be carefully maintained.
5. Analysis of variance of data generated by eight collaborators indicated that the osmometer can be used to detect added water in milk almost as
effectively as can the cryoscope.
6.

The sample chamber size can be modified to allow larger food sam-

ple insertion thus making the osmometer applicable to the measurement of
water activity in intermediate moisture food.
7.

Vapor pressure osmometry should be recommended for inclusion

in Standard Methods for the Examination of Dairy Products.
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